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EVIDENCE FOR SELF-FOCUSING OR FILAMENTATION
FROM X-RAY, 3/2 wy, AND 2 w, EMISSION

A crucial requirement for laser fusion is that the pressure driving

the pellet implosion be sufficiently uniform that no shell breakup occurs |

before maximum compression.l With 1.06 um laser wavelength, driver energy

is directly deposited no closer to solid density than at the critical

density surface where ng =n. = 102l cm-3. If this absorption region is
sufficiently far from the solid density ablation surface, pressure non-
uniformities present at the absorption surface may be smoothed out by thermal
transport betwecen absorption and ablation regions.I Even in the presence

of this smoothing, however, it is desirable to have the pressure profile

at the absorption region be as uniform as possible. As this pressure
depends upon incident irradiance, pressure uniformity requires uniformity of
itlumination. At least two mechanisms exist for destroying illumination uni-

Farmir
HECE S

v 2t tr: rhsoration region: 1) illumination geometry or imperfect
laser optics, and 2) plasma effects such as self-focusing or filamentation.z’3
The lotter are more important in the larger plasmas envisaged for laser fusion
Foacters thas in ke saeller plasmas of present experiments.

TJo simulate the interaction of a long pulse-length laser with the
large spherical plasmas anticipated in laser fusion reactors, 100-200J,
L-nsec pulses from the Pharos 11 1,054 ym Nd laser are focused to large
spot diameters (0.5 - 1.0 mm) on flat targets of polystyrene (CH) or
aluminun. Structure observed in time-integrated images of x-ray
enission suggast fine-scale laser intensity modulation, a signature of
sclf-fozusing. More direct evidence for variation of the irradiance on
this small spatial scale is obtained from time-integrated images of
3/2hb and 2Lb emission.

Manuscript submitted November 5, 1980,
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Except for the laser pulse duration and the speed of the incident
focusing lens (f/6 in this case), the experimental arrangement is as
described previously.k Visible emission is collected at 90° to the target
normal by an f/2 lens and imaged through narrow-band filters and a polari-
zation discriminator (Wollaston prism) with a factor of five magnification
onto Polaroid positive-negative film (for 2 wo) or Kodak type l-N spec-
troscopic plates (for 3/2 wo). An x-ray pinhole camera with a 17.8 um
beryllium filter (hv 31 keV) v{ews the rear of the laser-irradiated targets.
Images are obtained with magnifications near three on either Kodak No-Screen
film (for CH targets) or 34390 film (for Al targets).

Large-scale nonuniformities observed in x-ray images provide evidence
for correlation betws=en x-ray emission intensity and incident laser intensity.
Linear fringes {iC0-200um spacing) are observed regularly both in x-ray
images (Fig. 1A) and in isointensity profiles of the incident laser focal
distribution (Fig. 1B). Vidicon scans of the focal profiles imply that

the in

[

ident intensity modulation assoctiated with these patterns is about

On 2 smaller spatial scale, modulation is observed in the x-ray

images that is not observed in the incident beam. The finest scale of
laser focal structure observed at the 2:1 modulation level is 50-80 um;
while even finer scale structure may exist, it must have significantly
lowar modulation level. X-ray images, however, do show much finer scale
structure, as shown in Fig. 1C. These spots are observed in imaqes of

both CH and Al targets, though the number of observed spots is much greater
with the Al. Reducing pinhole size to the limit allowed by signal-to-noise

considerations allows an upper limit of 20 um to be placed on the diameter

d at the source of these observed spots when average incident irradiance
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Io exceeds 5 x 10]2 w/cmz. Evidence that d varies with |o is found at
105,2.5 X 10]2 W/cmz, where measured d's are comparable in size to the
50-8C ¥m structure in the incident beam.

As the rear side x-ray camera views x-ray transmission through
the target from the front side, an experimental check is made to insure
that the spots represent variations in front side emission rather than
variations in target thickness (and, therefore, transmission). A camera
viewing the front side of the target dozs see pinhole-resolution limited
spots which correlate with those observed by the rear camera; for
Al targets the spots are cbserved :ly when the frontal camera is
equipped with an Al filter to reduce Al line emission relative to
continuum emissioen from the blowoff plasma.

Since trz spcocrs do reflect variations in X-ray emission and x-ray
emissicn is seen, at least for the large-scale nonuniformities, to be
correizioed with incident irradiance variations, one might infer that the
spots reflect jasar intensity modulation on a fine spatial scale. |If the
absence of these small-scale structures in the incident focal profile is
not just due to limitations of our laser beam diagnostic, this suggests
self-focusing of hot spots in the laser beam.

More direct evidence for fine-scale modulation of the irradiance is
found at nc/h and n. by side-on imaging of 3/2 W and 2 w, emission,
respectively. Near threshold for detection of 3/2 v, radiation (average
intensity loﬁ 1.0 x 1013 W/cmz), filamentary structures are seen with
either emitted light polarization, as shown in Fig. 2A. These filaments
have transverse dimensions as small as 6 um and lengths greater than 200um.

As Io is increased by a factor of 2, threshold for detection of 3/2 W,

W Cerat el e s
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emission from the entire nclh surface is exceeded. Two lobes of emission

are observed in emitted light with polarization corresponding to the
incident laser (Fig. 2B); curiously, a much different image is observed
in the orthogonal polarization (Fig. 2C). Filamentary structures are
also found in time-integrated images of 2w° emission with loz 5x 1012
W/cmz, as seen in Fig. 3. The large region of uniform exposure is
visible continuum, as verified by substitution of filters which exclude

2 © s only the filaments along the laser axis are unique to 2 w, - Again,
transverse dimensions $10um are observed, with lengths up to 125:m,

and emission is observed only with polarization corresponding to the
incident laser.

At least three mechanisms can cause spurious lengthening of the
observed 3/2 A and Z 0 images in the direction along the laser axis,
leading to the filamentary appearance. Target motionA during the period
of emission might stretch images; this effect is easily eliminated by
using thicker tergets which do not move. Even with a stationary target,
the nclh or n_ density surface may move during the evolution of the blowoff
plasma; this effect has not been eliminated and may be important.
Finally, refraction of the emitted light by the blowoff plasma

can have an effect. Rays emitted from a point into different angles are
bent differently, appear to originate from different sources, and lead to
lengthening of thz observed image.

Simple ray tracing calculations of the refracted ray paths are
performed for point sources at nc/h (for 3/2 wo) and n_ (for z”o) in
a plane-stratified plasma with an exponential density profile. For

a density gradient scale length Ln =(ne-l dne/dx)-‘ at nc/h of 100-125,m,

the observed length of 3/2 w, structures could be explained solely
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by refraction. The double-lobed pattern observed in Fig. 2B may also be

a signature of refraction; for a certain range of Ln one region of emission

may appear as two since two isolated sets of rays, one near 90° and
one propagating up toward critical density, are bent into the f/2 collec-
tion cone. Refraction does not, however, explain the difference observed
at higher Io between images with the two polarizations (Figs. 2B vs. 2C).
One possible explanation is that two production mechanisms are operative
in different regions of the blowoff plasma and each is responsible for
one of t4he observed polarizations.

The length of the ZuB images could also be explained by refraction,

though this requires a large scalelength (2200 um) at n.- Additionally,

L. . - 1 2 . .
at the highest intensities used (loﬁ 2 x 10 3 W/ecm™), faint images of ‘
parts of a 2 “ surface are seen on the downstream (laser) side of the
filamznts., As this surface has much smaller axial extent than the filaments, ; i

these images suggest that refraction is not the sole cause of filament [
tength, The fact rhat the filaments are observed on the upstream side ?

of

the suriace suggests that if the filament length is not due to time
integration, the density within the channel must be lower than outside.
A highoer density channel would perturb the critical surface toward the
underdense plasma, and filaments would be seen downstream from the ;
surface.
Regardless of the cause of the observed length of the visible images,
the transverse modulation must be considered. Since the conversion efficiency

of light from w_ to harmonics is a function of density gradient scale-

length, regions of greater harmonic emission may either have higher ‘o or

different L . The efficiency of conversion from w, to 3/2 v is a

6,7,8

monotonically increasing function of Ln. As one would expect
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localized structures to have shorter scale lengths than the rest of the
blowoff, the 3/2 w, production would be reduced, if anything, for a given
incident intensity in the observed channels. Ve may then estimate a
lower bound for the intensity modulation at nclh by assuming that Ln
in the filaments and in the remainder of the blowoff are equal. As the
3/2 R from the blowoff becomes detectable at twice the intensity at
which the filaments are seen, one infers a lower bound of 2:1 for the
level of intensity modulation. This lower bound is the same as the 2:1
intensity modulation level present in the incident beam, though that
structure has larger spatial scale.

A similar analysis of the Zwo images would give an intensity modu-
lation at n. of 4:1, with parts of a complete surface just being seen
at 4 times the intensity at which the filaments are seen. Theoretically,
the dependence of 2w _ generation on Ln is non-monotonic, however,

o
C e .. - . 9,10
maximizing at density gradient scald tengths of several wavelengths.

~
£
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it is possibie, tharefore, to have enhanced 2 w, generation due to shorter

Ln; in that case, it is not clear whether the inferred intensity modula-
tion is an overestimate or underestimate. Certainly a 4:1 modulation would
represent a definite increase over the modulation present on the incident
beam.

Finally, we estimate the expected propagation distance required for
a2 significant increase of intensity modulation due to self focusing or fila-
mentation. For the collisionally dominated regime encountered in these
expariments, filamentation arises primarily from the electron heating and
concomitant decrease of plasma density in the more intense parts of the

beam.11 A perturbation treatment of this effect, which balances inverse

Bremsstrahlung heating and classical transverse thermal conduction in a




by

E i uniform plasma,lz yields the spatial growth rate o = (cxoZ -"ZAZ/E{L

where a = (ne/nc) [}v/(] + 2_1)63/2c TK] 3 would be the growth rate
without diffraction. In these expressions, A is the wavelength of the
transverse perturbation, ! is the incident hot spot intensity, V is the G
collision frequency, Z is the average ionization state, €= 1 - ne/nc is the J
plasma dielectric constant, T is the local temperature, and K is the

thermal conductivity. A CH plasma (Z = 3.5) of density nc/h and T = 400 eV
thus gives an e-folding length(x—tg 340 ym for A= 50um and | = 1013 W/cm2
(the intensity at which the X-ray spots seem to shrink). At the highest
intensity used, approximately 4 x 1013 W/cm2 in the hot regions, this
reduces to a—l:: 160 ym. An Al plasma (Z = 13) under these conditions gives

13

-1, - 1 2 2 .
o 2= 35um for 10 3 Wem™ and 45 um for 4 x 107 W/em™. This increase
of filamentation growth with fonization state is in qualitative agreement

vith cur x-ray observations. Given our large underdense plasmas, one

The experimental results are consistent, then, with self-focusing of
hot sgotls in the incident laser beam. This would account for the observed
localization of a-ray emission in small spots, as well as the transverse
modulation of 3/2“0 and 2w0 emission. The observations are strong circum-

stantial evidence, though, and not concrete proof. The fine scale-varia-

tions at the absorption region which would result from this scif-focusing

might not have serious consequences for laser fusion. As the distance between

absorption and ablation surfaces is likely to be large compared to the spatial

scale of the pressure nonuniformity, this may easily wash out due to lateral

conduction in the region between the two. For this reason, the larger-scale

10
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variations in pressure corresponding to the 100-200 um structure in the
x-ray images and incident beam, may be a much greater threat to successful
uniform compression of laser fusion pellets.

The authors wish to acknowledge useful conversation with Drs.
S.E. Bodner and $.P. Obenschain and with Mr. J. Grun. The expert tech-
nical assistance of M. Fink, N. Nocerino, L. Seymour and E. Turbyfill is
greatly appreciated. This work was supported by the U.S. Department of

Energy and Office of Naval Research.
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